_  microcopy 

national 


resolution  test 

8U«AU  01  SIAND*'®5 


CHART 

I96T  * 


te.  NAME  OF  PERFORMING  ORGANIZATION 

University  of  Wisconsin 


6c  ADDRESS  (City,  Stata,  and  ZIP  Code) 

2304  Engineering  Building 

University  of  Wisconsin,  Madison  53706. 

8a.  NAME  OF  FUNDING  /  SPONSORING 

8b.  OFFICE  SYMBOL 

ORGANIZATION 

(If  applicable) 

AFOSR 

NA 

flic.  AOORESS  (Qty,  State,  and  ZIP  Coda) 

Bldg.  410 

Bolling  AFB,  DC  20332-6448 

S.  MONITORING  ORGANIZATION  REPORT  NUMBEMS)  - 

AFOSR-TR.  8  8-015  5 


7a.  NAME  OF  MONITORING  ORGANIZATION 
AFOSR/NA 


7b.  AOORESS  (City,  Stata,  and  ZIP  Cod*) 
Bldg.  410 

Bolling  AFB,  DC  20332-6448 


It.  TITLE  (Include  Security  Classification) 

Undrained  Ftress-Ptrain  Behavior  of  Partly  Saturated  Sands 


12.  PERSONAL  AUTHORS) 

9.  poehr,  and  J.  K.  Jevaoalan 


11a.  TYPE  OF  REPORT  113b.  TIME  COVERED 

rinal-Vnlune  1  of  2  I  from  i  -1-8V  to  9-30-87 


IE.  SUPPLEMENTARY  notation 


ire  COVERED  114.  DATE  OF  REPORT  (Yaar,  Month,  Day) 

5-1-W  TO  9-30-874  25  Jan  88 


18.  SUBJECT  TERMS  (.Continue  on  reverse  if  necessary  and  identify  by  block  numbar) 


mpJSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  numbar) 

This  final  report  provides  the  details  of  an  investigation  on  the  undrained  stressrsstrain 
behavior  of  partly  saturated  sands  under  controlled  laboratory  conditions.  A  new  triaxial 
test  setup  was  developed  during  the  previous  years  of  this  research  study.  Thus,  the  two 
purposes  of  the  investigation  reported  in  this  report  were  a)  to  evaluate  the  usefulness  of 
the  new  soil  test  procedure,  and  b)  to  determine  the  behavior  of  the  unsaturated  sand 
samples.  An  axis  translation  technique  was  used  to  monitor  pore  water  pressure  changes  during 
the  tests  and  this  appeared  to  work  well.  A  special  ceramic  porous  stone  was  used  to  be  able 
to  measure  pore  water  and  air  pressures  separately.  The  conclusions  drawn  from  this  research 
are  that  the  stress*?strain  behavior  changes  little  with  respect  to  saturation  level  unitl  the 
level  approaches  about  95  X.  The  initial  tangent  modulus  decreased  with  an  increase  in 
saturation.  For  lower  saturated  samples,  there  seems  to  be  no  difference  between  an  undrained 
and  a  drained  teat.  The  dilation  potential  of  the  c  md  increased  with  strain  rate.  The  strain 
rate  had  some  effect  on  the  initial  modulus  of  only  the  dense  samples  of  sand. 


20  DISTRIBUTION  t  AVAILABILITY  OF  ABSTRACT 
CB  UNCLASSIFIEDAJNUMITED  □  SAME  AS  RPT 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 
Major  Steven  C.  Bovce 


OO  Form  1473,  JUN  M 


21  ABSTRACT  SECURITY  CLASSIFICATION 
□  DTic  USERS  UNCLASSIFIED 


Previous  editions  are  obsolete 


UNCLASSIFi: 


AFOSR.TR.  88 


u  IS  5 


UNDRAINED  STRESSiSTRAIN  BEHAVIOR 
OF  UNSATURATED  SANDS 


By 


Rolland  G.  Boehm 
and 

Jey  K.  Jeyapalan 


.  O  Vc  -i  o 


230M  Engineering  Building 
University  of  Wisconsin 
Madison,  Wisconsin,  53706. 


Report  to  the 

Air  Force  Office  of  Scientific  Research 
Bolling  Air  Force  Base 
Washington,  DC 


520®  h  2> 
21  >  =  o  ~ 


u. 


Wl 


X  ;-r  <  '<*  o  3 
to*  m  k  Cl  rr1  20 

2.  $  6  ^  OO 

8  x  "  •n  —  .30  ° 
3  =32.  S:-o  2  o 

-  13  -  n  O  <S>  rv 

^  4  :-.Q 

to  2  rr  -n 

Q.  TO  a;  -1  -r, 

•  n  «i  i? 

vt  ...  f.  O 

a  k  ‘ 
o  _ 


o  m  3 

cu 


o 

3 

p 

<■ 

to' 

O' 

3 


rn 


>§  6? 

“I 

CTc5  Sz? 
^  s  ci 0 

33  <?  0  33 

n 


5 

H-  0> 

U>  Q. 

9a, 

►-*  3 

n>  a. 


w 

m 

> 

o 

a: 


25  January  1988 


88  2  25  051 


'  AbLfc  Of-  CONTENTS 

Kags 


ACKNOWLEDGEMENT . i 

LIST  OF  FIGURES . n 

I.  INTRODUCTION .  1 

II.  PRELIMINARY  CONSIDERATIONS . 2 

2  .  1  General . 2 

2.2  Surface  Tension . 2 

2 . 3  Sot  1  Suction .  2 

2.4  Effective  Stresses  In  Unsaturated  So-1! . 4 

2.5  General  Gas  Law . 5 

III.  LITERATURE  REVIEW . 6 

3.1  Modified  Effective  Stress  Equation . 6 

3.2  Unsaturated  Soil  Testing  Equipment . 9 

3.3  Stress-Strain  behavior  of  Unsaturated  Soil . 10 

3.4  Strain  Rate  Effects . 12 

IV.  EVALUATION  OF  EQUIPMENT  AND  TEST  PROCEDURES . '5 

4  .  1  Apparatus . 15 

4.2  Test  Procedures . 16 

4 . 3  Cone  1  us  i  ons . 19 

V.  PRESEN  TAT  I  UN  AND  DISCUSSION  OF  RESUL'S . 2  5 

5  .  1  General .  2  5 

5.2  Caoi  1 1  ary  Rise . 2  5 

5.3  tffects  of  a  dispersed  Water  L)-1  st  n  i  but  i  on . 2y 

5.4  Unfli*a1n«d  Saturated  lest  Results . 32 

5.5  Pore  Pressure  Response  of  Ceramic  Stone . 15 

5.6  Undrained  Unsaturated  '  est  Results . 3b 


CONCLUSIONS  AND  RECOMMENDATIONS 

REFERENCES . 

FIGURES . 

APPENDIX . 

Stress-Strain  Curves 


AtCfe 

iion  for 

NTIS 

CRA&! 

ACKNOWLfcUfcifcMfcN ;  s 

This  investigation  was  conducted  at  the  University  of  Wisconsin- 
“ad i son  in  the  Department  of  Civil  ana  environmental  engineering 
under  the  sponsorship  of  t he  Air  Fores  Office  of  Scientific 
Research.  Professor  J.K.  Jeyaoalan  initiated  the  project  and 
served  as  the  author’s  advisor. 

The  financial  support  by  the  Air  Force  u^f ice  of  Scenffic 
Research  and  the  guidance  and  trust  of  Pro+essoi"  j  .  k  .  jeyapalan 
are  gratefully  acknowledged. 

Acknowledgement  is  also  extended  to  Mr.  trme  K.  Hanna  and 
Mr.  Norm  H.  Severson  for  their  help  in  familiarizing  me  with  the 
test  equipment,  as  well  as  helpful  suggestions. 


Finally,  I  would  like  to  thank,  my  wife  Wendy  K. .  boerm ,  ton 
typing  and  editing  the  manuscript,  but  more  i  moortant 1  y  for  her 
continued  support  during  my  entire  graduate  studies. 


1 


1 

S'*! 

r.v 

I 

$ 

1 

» 

% 

$ 

& 

9 

IK 

» 

i? 

§. 

1 

$ 


K? 

m 

for 

■i 

her 

D 

B 


$ 


Figure 


Lib1  Uh  hi  CURtS 


Terms  used  in  Analysis  of  Effective  Stresses  in 
Ideal  I  zed  Soi 1 . 


Constant  Water  Content  Test  with  Controlled  Ain 
Pressure  on  Saturated  Loose  Silt . 


Comparative  Failure  Envelopes  for  Partial Ty  Saturated 
Boulder  Clay . 

Typical  Results  of  Paired  Triaxia!  lasts  on  Unsaturated 
Silt . 

Ueviator  Stress  at  failure  in  Unconfined  Compression  lests 
on  Brancaster  Beach  Sand  as  a  Function  of  Suction,  for 
Drying  and  Wetting  Processes . 


Test  Results  from  an  Unsaturated  L'1ay . 


Diagram  of  Triaxia!  Set-Up 


Triaxia!  Test  Results  on  Unsaturated  Silts 
Character  i  st  i  c  Curves  ^or'  the  Test  Sand.  .  . 


Triaxia!  Test  Results  fon  Test  Sand. 
Mohr  Circle  Diagrams  of  Test  Resuits 


Stress-Strain  Curves  for  Saturated  Sampies 


Change  in  Pore  Pressures  versus  Axial  Strain  tor 
Saturated  Samples . 


Volumetric  Strain  versus  Axial  Strain  tor  Saturated 
Samples . 

Evaluation  of  Ceramic  Stone  witn  regards  to  kc'e 
Pressure  Response  (high  range) . 


Evaluation  of  Ceramic  Stone  witn  regards  to  ‘■'one 
Pressure  Response  (low  range) . . 


Lag  ! l me  in  Pressure  Pesoonse  with  Ler  an i c  Stone 


Kelationshlo  between  Shear  stnenqth  and  saturation 
Level . . 


V.iVV 


SB 


rft' 

W 

ft: 


I 

1 

1 

1 

I 

1 

I 

I 


19  Relationship  between  Initial  ! angent  Modulus  and 

Saturation  Level . to 

20  Comparison  between  Constant  Water  Content  and  Undrained 

lest  Results  (e=0.6Q) . bb 

21  Comparison  between  Constant  Water  Content  and  Undrained 

Test  Results  (e  =  U.8Q) . bb 

22  Relationship  between  Shear  Strength  and  Sf'am  Kate . b '• 

23  Relationship  between  initial  langent  Modulus  ana 

Strain  Rate . b  / 


1 

A 

i 

1 

1 

s 

B 

8 

G 


be  dramatically  different  than  that  of 
state.  The  difference  in  behavior  can 
suction  cha rac ter i s t i cs .  Soil  suction 
type,  gradation,  location  a*  the  water 
condi t i ons . 


the  sane  soil  in  a  saturated 
be  attibuted  to  the  soil’s 
is  a  function  of  tne  soil 
table,  and  the  environmental 


2=1 


Partial ly  satu ra ted  soil  behavior  has  been  studied  almost  since 
the  birth  of  soil  mechanics,  realizing  that  tne  major1 ty  of  surface  or 
nea r  surface  soil  depos its  are  partia"*ly  saturated.  ta r  1  y  investi¬ 
gators  recognized  that  lerzaghi's  effective  stress  eauafon  was 
inadequate  to  describe  the  effective  stress  of  partially  saturated 
soils.  The  mechanisms  involved  are  very  complex.  Many  general 
effective  stress  formulae  have  been  developed,  but  most  have  been  met 
with  criticism  and/or  are  of  limited  use. 

The  first  objective  of  this  research  project  was  to  evaluate  the 
testing  apparatus  and  procedures  used  for  unsaturated  soils.  The 
second  objective  was  to  study  in  detail  the  stress-stra-in-strain  rate 
behavior  of  an  unsaturated  fine  sand. 


A  series  of  undrained  mod i * i ed  triaxial  tests  were  performed  on 


& 


the  fine  sand.  Five  parameters  were  varied  during  tne  test  program, 
f  hese  include:  density,  saturation,  initial  back  pressure,  ot  +  ectwe 
confining  pressure  and  tne  strain  rate.  Ins  ronnrod  data  include: 
stresses,  axial  and  volumetric  strains,  pore  pressures  and  tne  ■in¬ 
itial  tangent  modulus. 


'  > 
c. 


II.  PRELIMINARY  CONSIDERATIONS 


2 . 1  General 


The  physical  laws  that  govern  a  partially 


o  rj  SOll  rj  S  1 1  op 


from  those  of  saturated  soils.  One  must  understand  these  physical 
differences  before  a  characterization  of  the  stress-strain,  behavior 
of  an  unsaturated  soil  can  be  made. 


2.2  Surface  Tension 


Surface  tension  is  a  phenomenon,  that  occurs  at  the  intersection 
between  different  materials.  For  soils,  it  occurs  at  the  interface 
between  the  water,  mineral  grains,  and  the  air.  Fundamentally, 
surface  tension  results  from  differences  in  forces  of  attraction 
between  the  molecules  of  the  material  at  the  interface  (Holtz  and 
Kovacs ,  1981).  Surface  tension  is  the  fundamental  reason  behind 

the  differences  in  saturated  and  unsaturated  soil.  The  following 
formula  expresses  the  total  surface  tension  force  generated  by  a 
water  menicus  between  two  spheres. 


T  =2TTr  T  ( 


Si  nCl+CosO- 1 


Cos'S) 


Where 


is  the  surface  tension  of  water  (73  dynes  per'  cr 


id  in  t '  > 


and  all  other  variables  are  defined  in  Fig.  i 


2.3  Soil  buction 


Soil  suction  is  due  to  the  soils'  ability  to  lift  o^  hc"'d  wat< 
in  soil  matrix.  Thus,  soil  suction  can  be  considered  stored  or 
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potential  energy.  there  are  typically  three  components  to  sc 


suet i on . 


j  Pressure  Head 


2.  Adsorotive  head 


3 .  Os mot i c  Head 


The  total  suction  ■>  s  the  addition  of  the  above  three  comoonents.  The 
first  two  are  often  combined  and  referred  to  as  the  matrix  suction. 
The  matrix  suction  is  the  negative  gage  pressure  at  a  ooint  in  the 
soil— water  relative  to  the  external  gas  pressure.  It  results  from 
t he  capillary  and  adsorptive  forces  arising  from  the  soil  matrix. 

Os mot ic  suet i on  a r i ses  f r om  t he  differences  in  the  concentration  of 
soil-water  at  different  points  in  a  soil.  The  following  formula  des¬ 
cribes  the  water  pressure  in  a  soil  due  to  matrix  suction. 


TCosO 

P= - ( 


( 1 -CosS)  (Sin^+CosQ-  l  ) 


Inhere  T  is  the  surface  tension  of  water  and  a'1"!  other  variables  are 
described  in  Fig.  I . 


Typically  water  will  valorize  at  pressures  below  a  -1  atmosphere 
(—14.7  osi).  However,  if  the  pore  diameter  is  small  enough,  the  water 


will  not  be  able  to  cavitate,  because  the  surface  tension 


W  ill 


be  too  high  for  an  air  bubble  to  fonm  (lerzaghi  and  veex. 


-i  u  H  7  1  i  ^ 


is  for  this  reason,  capillary  rise  can  occur  to  a  height  f a r  greater 


than  expected.  In  fact,  most  clays  will  na  v/q  ^  C  3  D  1  !  1  3  n  y  r*  -1  s  0  -i  p 
excess  of  30  feet.  This  for  sands  rare!  V  exceeds  s  ~  b  f agt 
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2.4  Effective  Stresses  in  Unsaturated  bo1 1 


If  a  soil  is  saturated  the 


i  vs  s  t  ness  is  s  i  y\  o  1  y  ti  q  ti  3  ** 


stress  minus  t he  pore  water  pressure  (  i erzagh1  ,  !  y  3  b  )  ,  "ecardlsss  of 

whether  or  not  the  pore  pressures  are  negative  or  cos^t-ive.  if  on  the 
other  hand,  the  soil  is  partially  saturated,  the  mechanises  of  e+fectiv 
stress  become  far  more  complex.  Partially  saturated  soils  form  menisci 
at  the  soil  g ra i n/water /a i r  interfaces.  The  relative  amount  of  water 
capable  of  being  held  in  this  Docket  or  column  of  water  i s  a  function 
of  the  grain  geometry  and  soil  type.  The  water  held  in  this  position 


will  be  in  tension  (negative  pressure),  which  results  in 


•anular 


forces.  As  the  meniscus  becomes  smaller,  the  pressures  become  more 
negative,  but  acting  over  a  smaller  area.  Thus,  the  addition  of 
strength  attributed  to  soil  suction  is  both  a  function  o+  degree  0+ 
saturation  and  soil  structure.  The  following  tc-mula  describes  the 
effective  stress  for  a  partially  saturated  idea1 '■zed  materia1  made  o^ 
spheres . 


—  P7T  2 

O'  = - (  Si n(SM*Cos<9- 1  )  Jf 

4  - - - - - 

C  o  s  &  2  r 


(  Si  n6J  +  Cos($)- 1  ) 


Ccsiy 


where 


p=  (as  given  by  equation  2) 

T-  the  surface  tension  of  water  (73  dynes/cm) 
r=  the  radius  of  water  men 1 c us 


4l=  (as  given  in  figure  1  ) 


IT  a  partially  saturat0d  coh.Gsion"1  sss  so1  '!  ^  s  tested  with  a  cot” 

vet  tional  triaxial  setup  and  procedures,  the  Mohr— Lou  1  omo  diagram  will 
show  a  cohesion  intercept.  in  reality,  the  exact  "locations  for  the 
Mohr's  circles  car.  only  be  determined  if  the  stresses  attributed  oy 
soil  suction  are  included. 

2.b  General  Gas  Law 

Theoretical  changes  in  pore  water  pressures  top  a  g->ven  sc  1 

v'<2. 

volume  decrease  under  undrained  conditions,  nee-  beer  oerived  oy 
Hamilton  (1939).  The  assumption  being  that  the  po^e  air  and  pore 
water  pressures  are  equal  (no  soil  suction).  Hamilton1’*  '■'■or'mu'!a  i  s 
expressed  as  follows: 

ho=  (  Vao+0 . 2Vw  )=  -Pc  (  Vac+U.U2Vw  )  [A] 

where  Po  =  initial  absolute  air  pressure 

Pc  =  aPsolute  air  pressure  after  compression 
Vao=  initial  free  air  volume  at  Mo 
Vac=  volume  of  air  at  Pc 
Vw=  volume  of  water  in  soil 

This  equation  can  illustrate  how  a  relatively  sma"'i  amount  of  a  i "  in 
thg  soil  can  drastically  effect  the  pore  oressures.  it's  usaiu  i  n  o  *  * 
is  limited  to  soils  with  little  or  no  soil  suction. 


iL.!*. 


L I TERATURE  REVIEW 


ill. 


3.1  Modified  Effective  Stress  Equation 

Bishop  (1959)  was  one  of  the  first  investigators  to  d  '  p  a 
general  effective  stress  equation.  His  original  work  resulted  in  the 
following  equation : 

i 

CT  =  (CT-Ua)  +  X(Ua-Uw)  [q] 

where  (T  =  total  stress 

Ua=  pore  air  pressure 
Uw=  pore  water  pressure 
X=  empirical  parameter 

The  empirical  parameter  was  thought  to  be  a  function  of  soil  structure 
and  saturation  level.  The  basic  assumption  in  this  be^ng  able  to 
quantify  the  parameter  X  was  that  an  increase  in  the  matrix  sucti on 
term  X(Ua-Uw)  is  equivalent  to  an  increase  in  confining  pressure. 
Slight  presented  a  method  for  determining  this  parameter .  fhe  nethoa 
required  several  sets  of  test  on  similar  samples.  One  set  is  tested 
in  a  sa tu r a t ed  state.  A  graphical  procedure  then  relates  the  two  sets 
of  laboratory  tests. 

Ai tchi son  (1960)  performed  some  theoretical  wonk  which  described 
Bishop’s  empirical  parameter  X  as  a  f>.  inrtl  on  O  1“  t  hG  rr'-3tTr,"!X  S  U  C  tl  1  OP 
(Ua-Uw),  the  level  o*  saturation,  and  the  soil  structure. 

Soarks  (!9b'J)  suggested  that  Bisho  p'S  0QU-3  t  1  OP  W  c!  S  1  PCOP  , 

because  the  effect  of  surface  tension  was  ignored  in  the  derivation . 
Sparks  developed  the  following  aquation  that  considers  tne  surtace 


tens i on  force . 


(T%  =  CT  -  OLija-£Uw+  I  [6] 

Where  T  is  the  surface  tension  at  the  air  water  mt  srf acs .  i +  t  hs 
pores  are  filled  with  water  oC=l(  =  u,  and  if  filled  with  air  =  u. 

Donald  (1963)  attempted  to  generate  a  general  formula  for  the 
X  parameter .  Donald  felt  that  the  equation  must  include  the  surface 
tension  forces.  tty  definition 

X=S+(f (s)/(Ua-Uw)  )  [7] 

where  S  is  the  degree  of  saturation  of  the  cores  and  f(s)  is  a  func¬ 
tion  that  takes  into  account  the  numerical  value  of  the  surface 
tension  forces. 

Burland  and  Jennings  (1962)  and  Burland  (196b)  pointed  out  that 
surface  tension  forces  produce  only  normal  intergranular  stresses. 

They  also  questioned  the  validity  of  the  underlying  assumption  used 
in  determining  the  X  parameter.  Namely,  that  an  increase  in  the 
matrix  sucti on  term  is  equivalent  to  an  increase  in  confining  pres¬ 
sure.  Their  test  results  suggested  that  for  a  given  soil  structure 
and  type,  there  is  a  critical  degree  of  saturation,  and  below  this 
value,  the  above  assumotion  is  incorrect. 

Blight  (  1967)  reinstated  Bishop's  equation  but  recog^i zed  inf  its 
limitations.  Blight  suggested  that  the  X  oarameter  could  not  be  dete'i 
mined  from  some  unique  function.  But  instead  had  to  be  evaluated  for 
each  soil  type,  structure,  saturation  level,  a o o ~  0 cj  fn  •?  t r%  **  x 


suction  . 


Tower  and  Childs  (1972)  attempted  to  calculate  the  effective 
stress  that  would  operate  in  an  unsaturated  soil  as  a  sum  of  two 
components:  one  arising  from  continuous  water  at  an  externally 
measured  suction  in  unerptied  pores,  the  other  from  isolated  bodies 
of  water  in  nominally  emptied  pores  at  suctions  approximating  to  the 
suctions  at  which  those  pores  were  emptied.  Their  findings  were  that 
an  average  degree  of  saturation  specified  for  an  unsaturated  soil  may 
not  be  a  particularly  relevant  factor  m  determining  its  behavior. 

Gulhati  and  Satija  (1979)  took  a  slightly  different  approach 
in  examining  unsaturated  soil  stresses.  They  presented  the  following 
equat i on : 

((T|-  (13)  =a  +  ((T3-Ua)  tanCsC  +  (Ua-Uw)tanB  [8] 

- f  f 

2 

where  a.C^t  and  p  are  coefficients  to  be  determined  from  laboratory 

tests.  Their  approach  was  to  vary  the  (0””-Ua)  and  (Ua-Uw)  ter  s 

if  f 

and  plot  all  three  (including  ((T  -  0~  )  /2)  values  on  a  2-U  plot  trom 

l  i  f 

which  a  ,&■ ,  and  ji  can  be  determined.  liuchaf  and  bafja  be1  isvsP 
that  the  above  approach  was  better  for  determining  relative  gams  in 
shear  strength  as  a  function  of  sc  '  suction. 


Ho  and  Fredlund  (19k2)  presented  the  fo' lowing  shear  strength 
equation  r  unsaturated  soils: 


P  [9  ] 

T  *C  '  {6~  -Ua)tan»/>'  +  (  U a-Uw  )tan p 

b 

where  equals  the  friction  angle  with  respect  to  c  langes  in  (Ua-Uw 


when  ((T-Ua )  is  he^d  constant. 


Ho  and  hrsdlund  igl t  this  aooroach  was 


*!ww* 


valid  providing  was  determined  ^or  each  sc  1  type  and  cond1tion. 

it  is  necesssry  to  recognize  that  the  applied  "'atri.v  suction  (Ua-Uw) 

will  control  the  saturation  level  up  to  some  critical  va'us,  at  which. 

point  the  water  in  the  specimen  will  be  ccmpleteiy  dispersed  through 

b 

out  the  soil  matrix  (no  capillary  rise).  The  fp  parameter  can  e 
determined  from  a, 3-0  graphical  approach.  This  approach  must  include 
a  series  of  saturated  tests. 


3.2  Unsaturated  Soil  Testing  Equipment 


Hilf  (1956)  was  one  of  the  first  to  measure  negative  po^e  pres¬ 
sures.  He  developed  a  device  which  consisted  primarily  of  a  pressure 
vessel,  in  which  the  soil  specimen  was  placed.  A  saturated  porous 
ceramic  tip  was  placed  into  the  specimen.  This  probe  was  connected 
by  a  tube,  filled  with  de-aired  water,  that  was  connected  to  a  null 
type  pressure  measuring  system.  The  measuring  system  would  register 
a  negative  pressure  as  the  water  had  a  tendency  to  travel  into  the 
sample.  By  raising  the  air  pressure  in  the  pressure  vessel  the 
tendency  for  water  movement  could  be  stopped.  This  pent  was 
considered  equilibrium  and  the  soil  suction  was  determined  by  taking 
the  pressure  difference  between  pore  air  and  pore  water. 

Bishop  (  1  959)  was  the  first  to  utilize  the  high  a  ■>  r  entry  ceramic 
disk  in  a  triaxial  setup.  Thus,  allowing  measurement  of  po^e  water 
pressures  independently  from  pore  air  pressures.  As  with  tne  pressure 
vessel,  an  axis  translation  technique  was  used.  The  system  was  closed 
in  regards  to  outside  air.  A  self-compensating  mercury  control  was 
used  to  maintain  cell  pressure  and  pore  air  pressure.  Two  colored 


kerosene  end  water  interfaces  were  introduced  into  the  layout.  'his 
allowed  measurement  of  water  into  or  out  of  both  the  sample  and 
tri axial  cell. 


Bishop  and  Donald  (1961)  used  mercury  (Hg)  as  the  confining 
fluid.  They  also  introduced  a  means  of  collecting  and  measuring  the 
dissolved  air  that  passed  through  the  ceramic  d^sk  (bubble  pump). 

Air  has  a  tendency  to  come  out  of  the  solution  under  the  ceramic  disk 
if  the  pressure  is  less.  This  ultimately  causes  problems  in  obtaining 
accurate  pore  pressure  readings. 


nave  been 

V. 

;v> 

and  pore 

& 
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To  date  most  of  the  advancements  in  testing  eouipment  have  been 
in  the  form  of  increasing  the  accuracy  of  the  volume  change  and  pore 
pressure  measurements,  simplifying  the  layout  by  making  use  of  pres¬ 
sure  regulators,  and  using  electrical  strain  and  Dressure  gauges. 
Hanna  and  Jeyapalan  (1986)  used  the  f orement i oned  ideas  in  conjuction 
with  an  automated  data  aquisition  system  to  develop  the  most  recent 
state— of — t he— a rt  unsaturated  soils  testing  system.  However,  problems 
with  air  diffusing  into  the  cell  and  through  the  ceramic  stone  still 
persist . 


3.3  St r ess-St r a i n  Behavior  of  Unsaturated  Soil 


Bishop  and  Donald  (1961)  presented  unsaturated  test  results  on 
Braehead  silt.  Using  the  results  they  deveiooed,  a  curve  was  estao- 
lished  for  the  X  parameter  (for  the  silt)  used  in  the  modified 
effective  stress  equation.  A  sample  of  their  results  is  shown  o 
F  i  g  .  2  . 
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Dona  Id  (1963)  performed  undraineo  tfaxia"1  te=ts  on  a  na p  t 1  a  1 y 
saturated  compacted  clay.  A  series  of  Mohrs  circle  diagrams  showed 
in  a  relative  way  the  effects  of  soil  suction  on  shear  strength,  as 
g i ven  in  Fig.  3  . 

Bishop  and  Blight  (1963)  performed  an  extensive  testing  program 
on  unsaturated  soils.  Their  results  concluded  that  a  moa i f i ec  effec¬ 
tive  stress  equation  was  useful  in  defining  shear  strength.  However, 
its  usefulness  in  determining  volume  change  i s  very  difficult. 

Burland  (1965)  discussed  volumetric  behavior  Qualitatively  in 
terms  of  intergranular  forces  and  drew  a  contrast  between  the  changes 
in  intergranular  forces  arising  from  increases  in  external  stresses 
(which  tend  to  induce  grain  slippage)  and  those  arising  from  changes 
in  negative  pore  water  pressure  i.n  the  menisci  (which  tend  to  act  as 
blobs  of  glue,  holding  the  grains  together).  Because  there  are  fund¬ 
amental  differences  in  the  way  applied  stresses  and  pore  opessurss  ar 
transmitted  through  the  grain  structure  there  can  be  no  equivalence 
between  change  in  applied  isotrop)(ic  stresses  and  any  function  of  a 
change  in  the  pore  suction. 

Blight  (1967)  presented  test  results  that  showed  the  shear 
strength  increase  due  to  applied  suction,  as  given  in  fig.  n  .  we 
also  concluded,  based  on  test  data  that  tne  X  parameter  cha  pQDC 
axial  strain.  His  results  also  indicated  that  cnar  Ot?S  v/  O  1  ijfho  ryf 

an  unsaturated  soil  anpear  to  be  related  to  tne  modified  effective 
stress  equation. 


Towner  and  Childs  (1972)  presented  data  to  show  that  the  stress 
path  for  an  unconfined,  unsaturated  sand  is  dependent  not  only  on  the 
applied  suction,  but  also  on  whether  the  soil  -is  in  a  drying  or 
wetting  process.  The  results  of  this  study  are  shown  in  fig.  5. 

£dil,  Motan  and  Toha  (198!)  applied  various  matrix  suctions  to 
an  unsaturated  clay.  Upon  equ i 1 1 br i urn ,  an  unconfined  compression 
test  was  performed .  As  expected,  the  strength  increased  w^th  initial 
matrix  suction.  but  more  interestingly,  the  initial  modulus  increase 
linearly  up  to  some  critical  matrix  suction,  where  it  then  declined. 
The  poisson  ratio  was  also  determined  as  a  function  of  initial  matrix 
suction.  The  results  of  this  study  are  shown  in  Fig.  b. 

9.4  Strain  Kate  Effects 

Soils  under  rapid  or  qynamic  loading  usually  exhibit  differences 
in  their  strength  and  deformation  modulus  when  compared  to  static 
loading.  The  following  will  be  a  brief  review  of  the  work  to  date 
In  th-is  area. 

Casagranpe  and  Shannon  (1948)  presented  the  results  of  triaxia1 
test  on  dry  sand  in  wU’ch  tne  load  was  apo'Med  Py  a  failing  team  type 
apparatus.  They  found  an  increase  in  the  ultimate  shearing  strength 
of  10  of  15  percent  and  an  •>  release  ^  n  the  modulus  of  dsf  orna  r  n  on  of 
atdut  30  percent  when  the  load  was  applied  dynamically  r^thpr-  tnan 
statically.  The  modu  1  us  of  defonnatio  n  was  d@f  med  py  a  secant 
modulus  obtained  Py  passing  a  straight  'me  through  tne  pr^d^n  and 
a  point  on  tne  st ness-stra i ^  curve  at  o^e  n*1  *  tne  u  *'  t  ■>  maro  stress  . 


*  fl 


Casagrande  and  Shannon  also  conducted  simi !ar  tests  on  unsaturatsd 
clay.  They  found  that  the  percentage  increase  of  the  rast  transient 
strength  over  the  static  compressive  strength  was  greatest  ^or  soeci- 
mens  of  the  lowest  water  content.  With  the  highest  water  content  the 
modulus  of  deformation  increased  by  two  times. 


Whitman  (1954)  evaluated  the  strain  rate 


t  on  ten  different 


cohesive  materials.  (ieneral  ly ,  an  increase  In  the  strain  rate  from 
static  to  1000  percent  per  second  increased  the  ultimate  strength  oy 
a  factor  of  1.5  to  3.0,  which  is  of  the  same  order  of  magnitude  as 
that  found  >_y  Casagrande  and  Shannon. 

Seed  and  Lundgren  (1954)  investigated  the  strength  and  deforma¬ 
tion  characteristics  of  saturated  specimens  of  a  fine  sand  and  of  a 
coarse  sand  under  dynamic  loadings.  They  found  an  increase  m 
strength  of  15  to  20  percent  and  an  increase  in  the  modulus  of  deform¬ 
ation  (secant)  of  about  30  percent  under  the  dynamic  loading  condi¬ 


tions.  They  noted  that  dilatancy  el 


and  lacK  of  drainaae 


contributed  to  the  strength  under  dynamic  loads. 


Nash  and  Ulxon  (1951)  developed  a  dynamic  pore  pressure  measuring 
device  with  which  they  successfully  -’ecorded  pore  pressure  changes  in 
triax-'a1  tests  on  saturated  sands  under  st^am  rates  uo  to  BO00 
percent  per  minute  or  loading  natss  up  to  about  inches  oer’  n  nyt? . 

Kichart  (  1  977  )  summarized  previous  wonk  on  sfam  '’ate  effects 
on  shear  strength:  (a)  for  d^y  sands  the  strain  '’ate  factor  is  ">ess 


than  1.1  to  1.15  for  strain 


v3r,y 1 1  ^  r*  o  rr*.  3  ocut  y  .  U  2 %  t  o  !  n  ij  ij 5k 


per  second,  (b)  for  saturated  cohesive  sc's  the  straTo  rate  factor 
was  1.5  to  3.0  and  (c)  for  partially  saturated  soils  the  strain  rate 
factor  was  1.5  to  2.0. 

Gulhati  and  Satlja  (1979)  found  that  the  strain  rate  has  a 
pronounced  effect  on  the  measured  soil  suction  during  drained 
modified  tri axial  tests  on  clay.  They  showed  that  during  shearing 
the  specimens  change  volume.  A  changing  soil  structure  resulted  in 
a  changing  matrix  suction.  but  at  fast  strain  rates,  an  eauilibrium 
condition  was  not  possible,  resulting  in  excess  pore  pressures  (drop 
in  soil  suction). 

Richart,  Wu  and  Gray  (1984)  performed  dynamic  shear  modulus  tests 
on  partially  saturated  sands.  They  concluded  that  the  maximum  capil¬ 
lary  influences  occurred  at  degrees  o+  saturation  between  5%  to  20% 
for  the  soils  tested.  The  increase  in  the  shean  modulus  over  the  dry 
samples  was  about  1.65  and  2.0  for  average  confining  pressures  of  3.6 
psi  and  14.2  osi,  respect i vel y . 
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IV  .  &V.4LUA.  I  iUN  OH-  hOU  I  PM  ENT  AND  !  bS  !  PROCEDURES 


4.1  Apparatus 


The  testing  system  used  in  this  research  program  is  the  same 
system  that  was  developed  and  used  by  Hanna  ano  Jeyapalan  (198b). 

There  were  several  minor  modifications  that  increased  the  ovsral 1 
accuracy  of  the  measurements ,  but  the  system  basically  remained  tne 
same.  A.  schematic  diagram  of  the  setup  is  shown  in  fig.  7.  in  short, 
two  thick  rubber  balloons  enclosed  in  a  chamber  are  pressurized  via  a 
regulator.  The  pressurized  water  (in  the  chamber)  is  then  transmitted 
to  the  cell  fluid  or  pore  water.  A.  regulated  air  supply  is  transmitted 
to  the  top  of  the  soil  specimen.  Transducers,  placed  in  the  appropri¬ 
ate  places,  allow  measurement  of  cell,  pore  water  and  core  air  pres¬ 
sures  . 


There  are  several  features  about  the  apparatus  that  should  be 
discussed  in  detail.  The  first  is  the  colored  kerosene  interface. 

This  interface  allows  measurement  of  water  into  or  out  of  the  cell 
or  sample.  For  instance,  if  the  sample  were  to  dialate,  wafer  would 
be  forced  out  of  the  cell  and  into  the  pressure  cnamper,  where  the 
balloon  would  collapse  by  the  appropriate  amount.  The  amount  of  water 
forced  into  t he  pressure  chamber  wou Id  be  measured  by  the  trave"1  dis¬ 
tance  of  the  kerosene/water  interface.  ! he  second  ”ajor  point  of 
interest  is  the  ceramic  stone.  This  special  d'SK  allows  water  to 
travel  through  its  pores,  but  rot  air.  '20  ultimate  1  y ,  ons  car  n9?sur9 
pore  wfltsr  pr*©ssur9  i  ndsosr'0  9n  t _l  y  1"  p  o  r*  pops  ^  ^  n  .  csp-so^c  strop© 


a«>-  «*' .«4  .'i  ’  ^*  ***  t 


used  during  this  testing  program  nad  an  air  entry  value  of  8U  os i . 

This  means  that  the  ceramic  stone  could  hold  back  up  to  80  psi  o+  air 
pressure.  One  of  the  major  drawbacks  to  the  high  air  entry  value  is 
the  decrease  in  permeability  compared  with  conventional  porous  stones. 

-7 

The  particular  ceramic  stone  used  has  a  permeability  of  1.0  x  10  cm/sec . 
Because  dissolved  air  can  pass  through  the  stone,  a  special  port  was 
drilled  into  the  base  and  pedestal  in  order  to  provide  a  ^ lushing 
system  for  air  entrapped  under  the  ceramic  disk. 

The  loading  frame  used  was  sin  "!ar  to  those  used  in  most  triaxial 
setups.  The  loading  was  applied  at  a  constant  strain  rate,  which  was 
regulated  by  a  hydraulic  system.  A  load  cell  incorporated  into  the 
loading  shaft  provided  electronic  measurement  of  the  app'1  led  load. 

Sample  deformations  were  measured  as  the  travel  distance  of  the  loading 
shaft.  An  LVOT  was  used  to  measure  the  deformations  electronically. 

A  data  acquis i t i on  system  (SYSTEM  40U0)  was  used  to  acduine  and 
reduce  the  raw  data  from,  the  gauges.  The  information  could  then  be 
transformed  directly  onto  the  computer  monitor.  A  computer  program 
provided  with  the  system  allows  the  user  to  automatically  record  data 
at  desired  time  intervals.  Unce  recorded  onto  a  floppy  disk,  the  data 
could  be  reduced  and  printed  at  any  future  time. 


4.2  lest  Procedure 


Sample  preoaration- 


Mi  x  weighed  amounts  o^  sc  1  and  water  . 


2.  Place  two  r  u  b  b  e  r  rnernor,ar,es  on  tee  base  oedesta"1  and 
secure  with  rubber  O-rings .  A  thin  film  of  silicone 
grease  on  the  pedestal  qrovides  a  water  tight  sea'1  . 

3.  Place  molding  jacket  on  the  pedestal  .  Li^t  rudder 
membranes  up  through  the  jacket  and  pull  up  and  over 
jacket . 

4.  Place  soil  into  the  rubber  i  ■>nefl  jacket  i  n  r^ve  n  +ts  , 
each  compacted  to  roughly  tne  sa^e  degree. 

5.  Place  top  cap  on  specimen.  Lift  rubber  membranes  uo  and 
over  too  cap.  Secure  the  nsmbr'anes  to  tne  too  cao  with 
rubber  O-rings . 

6.  Measure  the  height  and  diameter  ot  samo'ie. 

Preparation  for  Consol i dat i on/ fcqu i 1 i br i um- 

1.  Place  cell  jacket  on  base. 

2.  Connect  the  air  supply  valve  (on  cell  cover)  to  tne 
top  cap. 

3.  Secure  cell  jacket  to  base. 

4.  Push  piston  down  onto  the  samois  and  secure. 

b.  Fill  cell  with  oroperly  de-ai^ed  water. 

0 .  Flush  the  entire  system,  including  transducers. 

i .  Start  up  data  acquisition  svst^m. 

B.  Zero  out  transducers. 

y.  tiring  pressures  up  in  sma11  ,nierva",s  . 

1  u  .  Uo  not  a  d  o  i  y  more  suction  '  < a  -  U  w  '  th3n  t m  e  iav,"u"« 
potential  of  the  soi1  . 


11.  Monitor  changes  in  samples  volume  and  icisture  content 
( reading  burettes). 

12.  Make  sure  the  water  in  the  samo'e  ■>  s  i  n  aqui'i’driur 
(no  flow  in  or  out  of  samo'e)  before  oroceed",na  ahead 
with  the  shearing. 

Shearing  Procsss- 

1.  Place  triaxial  cell  under  dsvator/load  cell. 

Release  oiston  such  that  it  1 i^ts  off  of  tne  sample 
by  approximately  1/4  inch. 

2.  Place  strain  gauge  in  an  approonats  position. 

3.  Set  the  deformation  rate. 

4.  Start  the  deviator  movement. 

b.  Zero  out  the  load  cell  while  piston  is  in  travel ,  but 
not  yet  back  onto  sample. 

b  .  Just  as  a  non-zero  deviator  reading  is  noted  on  the 
monitor,  zero  out  strain  gauge. 

7.  Set  computer  to  take  readings  at  desired  intervals. 

8.  Close  pore  water  pressure  valve  (and  pore  a  ■>  •  ■  f 

desired) . 

9.  Take  burette  readings  for  samo^e  volume  change. 

10.  At  the  conclusion  of  t*ne  test  1 1  ^  s  1  mcor  t  t  pot  to 
rel ease  the  cs !  *  oressure  before  t ^ e  oop9  pressures. 


If  tooth  the  cs  1  •  .3  p  <3  core  51  p  oressu^es  a r  e  n®":  9559c 

before  the  00 re  water,  crack  1  pq  of  tKe  ce^an^c  p_,crw  1  s 
probabl e . 
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unsaturated  compared  to  oe^ng  saturated. 

2.  Several  key  investigators  nave  used  s-'!t  in  thei 
program  from  which,  data  can  be  compa  *d  . 


The  three  soil  specimens  were  compacted  to  a  void  ratio  of  0.S9 

and  a  saturation  level  of  60%.  The  length  to  diameter  rafo  was 

approximately  2.0.  Each  specimen  was  tested  at  a  constant  confining 

pressure  minus  pore  air  pressure  (  C~  -Ua)  of  10  psi  . 

3 

The  results  of  the  triaxial  tests  are  shown  in  f- 1  g  .  6.  Note  how 
the  saturation  increased  when  the  applied  matrix  suction  was  eitner  0 
or  2.6  psi.  7  his  is  due  to  capillary  p^ss  in  tne  soil  soecimen. 

When  the  applied  matrix  suction  was  10  psi,  the  level  of  saturation 
decreased,  which  is  indirectly  a  consequence  of  tne  axis  translation 
technique  employed.  During  the  axis  translation  technique,  the  con¬ 


fining  pressure  and  the  pore  air  and  water  pressures  are  si 


»ou  S  ’  v  f 


increased  by  an  equal  amount.  The  soil  structure  feels  tne  increase 
in  confining  pressure  immediately,  but  the  pore  a 1  r  pressure  r'ea|J1,'?s 


air  flow  into  the  specimen  in  order  to 


t;  h. e  des  n  nSO  O  O  r  e  a  1  n 


pressure  f"he  sir  t  !  ow  1 3  kss  w  ^  t  h  1 1  tsr  t  h  a  t  1  3  to  f  ha  upper 

portion  of  the  specimen  and  drives  it  toward  the  dot  tom.  \ ^e  amount 
of  water  in  the  specimen  and  the  rate  of  core  a  1  n  or°ssu n9  ■’cation 

are  the  controlling  factors.  if  the  pone  anr  pressure  can  de  dr ouo  ht 
up  to  the  desired  !ev/e'  very  slowly  and  the  s  3 1  u  r  3 1 1  op  ns  9ycs9d  ■ 

ingly  high,  than  the  movement  of  water  should  oe  a  mini  wjrr  . 


effect  “is  clearly  illustrated  dy  the  ^act  t^'at  t^e  S3  tu  r  3  t  1  cn  ~  «  v  /  «=»  1  ^  •f 
specimen  !.a  dropped  in  saturation  r  ^  o  k  i  1  %  f  o  jst  ,  w  a  t  e r'  a  ^  the  hotto^ 


of  t  he  snec i msn  ts  flushed  out  through  the  csrjric  disk,  orov  d ’ rg  the 
applied  matrix  suction  is  great  enough  to  counteract  the  capillary  rise 
within  the  specimen.  The  time  ior  acmeving  the  equilibrium  satura¬ 
tion  level  was  quite  high,  due  to  the  sma^l  gradient  and  low  permea¬ 
bility  of  the  ceramic  disk.  The  specimens  were  considered  to  »e  in 
equilibrium  when  there  was  no  recorded  flow  or  water  into  or  out  of 
t  h 0  s  Dec  i  mens  during  3  ’£  A  hour  osr  1  od 

mgure  8. a  clearly  illustrates  now  the  shear  strength  increases 


with  a  decrease  in  saturation.  This  is  evidence  to  the  fact 


t na t  as 


the  water  memcus  becomes  smaller,  the  pressure  within  the  memcus 
drops.  Soecimen  l.b,  whose  saturation  level  was  70%,  was  co"'p*r3D19 
in  strength  to  the  fully  saturated  specimen  (i.c),  more  so  than  the 
85%  saturated  specimen  (l.a).  Specimen  l.b  probably  has  both  a 
dispersed  water  distribution  and  capillary  rise.  i he  water  pressure 
in  a  column  of  water  (capillary  r’s?)  i s  not  o^  the  same  magnitude 
as  a  single  water  menicus  between  soil  particles.  in  fact,  the  water 
pressure  in  a  column  of  water  within  a  specimen  is  d  i  s  t  r  i  p.j  t  eo  f rom 
a  maximum  negative  pressure  at  the  bottom  of  the  specimen,  to 
stfnosphsr  i  c  prsssurs  t  hs  top  of  t  hs  co'1  ufT,n  4ow®v?r  ,  due  to  ths 

axis  translation  tec hn ique,  the  water  pressures  are  always  positive 


with  the  lowest  positive  water  pressure  at  the 


’Grn  O  S  oec  1  »^«n 


I  hus  ,  the  matrix  suction  chanaes  wthin  the  heiom  of  the  specimen  (it 


:api’llary  rise  is 


>  t  t  S  i  rnOOn  t  t  to  POt  9  t  hA  h  n  rs»  n  1  ~i  =»  n  \  / 


pis9  w1  thin  a  specimen  may  not  bo  uniform,  owna  to  t  bo  fact  that  pons 
s  oacas  within  a  so1  1  sosci  n®n  rr>av/  pot  b  a  <jn  1 1’orm  . 


On 0  of  the  criteria  for  evaluation  of  the  aooaraf js  exceed- 

ures  was  that  the  shear  strength  not  increase  after  soie  critical 
aoplied  suction  for  a  given  initial  saturation.  This  critical  value 
is  the  point  where  capillary  rise  is  negated.  lo  fully  verify  this 
criteria,  at  least  one  more  test  at  an  applied  suction  greater  than 
10  psi  should  have  been  performed.  But  even  still,  with  specimen  1. 
changing  its  saturation  level  due  to  the  axis  t  ans'lation  technioue, 
an  additional  test  would  have  been  in  all  'hkemhood  inconclusive. 
Reiterating  the  conclusion  that  the  axis  translation  tecnnioue  must 
be  applied  simultaneously  and  in  small  incremental  pressure  changes. 

The  lower  the  saturation  the  higher  the  average  matrix  suction 
within  the  specimen.  The  higher  matrix  suction  should  result  in 
less  dilantancy  potential  during  the  shearing  orocess .  rhe  small 
water  menisci  act  like  blobs  of  glue,  holding  the  specimen  together. 
Figure  8.b  does  verify  this  tendency.!  The  "lower  saturated  specimen 
seems  capable  of  holding  off  on  dialation  longer  (higher  axial 
strains) . 

As  the  soil  structure  changes  so  should  the  matrix  suction, 
provided  the  specimen  is  initially  at  equ i 1 i or i urn .  Figure  B.c  does 
show  changes  in  matrix,  suction  as  a  function  of  axial  strain. 
However,  the  values  appear  to  he  unreliable.  tor  instance,  specimen 
1 .a  was  equalized  at  an  applied  matrix  suction  pt  !U  osi ,  yet  when  t 
core  water  pressure  supply  was  closed  off,  the  pone  water  pressure 
began  to  increase  immediately.  When  the  aop'Med  matrix  suction  is 


oast  the  critical  point  it  will  not  be 


; an tat i vs  nt  the  tru* 


m 

“m 


rip!c*tir*'!x  sue  1 1  on  for*  3  sosci^sn  th-st  hss  3  comol  9t  9"!  y  d  1  SQsrssd  so*’-’ 
water  distribution.  Therefore,  by  closing  off  the  water  pressure 
supply,  the  measuring  device  will  tend  to  measure  the  water  pressure 
of  the  menisci,  which,  should  result  in  the  true  matrix  suction. 
However,  there  are  further  complications  due  to  the  fact  that  tne 
shape  of  the  menisci  at  the  interface  between  the  sbecimen  and  the 
ceramic  stone  may  not  be  representative  of  the  entire  samo'e.  in 
addition  the  moisture  content  near  the  Pottom  was  found  to  be  higher 
than  that  at  the  top  of  the  specimen  (probably  due  to  the  axis  trans¬ 
lation  technique).  This  results  in  a  larger  water  menisci  near  the 
bottom  as  opposed  to  the  top  of  the  specimen. 

When  the  specimen  compresses,  the  grains  become  closer  together 
which  results  in  a  larger  radius  water  menicus  (pre-existing  menicus 
This  results  in  an  increase  in  water  pressure  (positive  change). 

This  phenomenon  can  be  seen  in  Fig.  8  (i.e.  suction  droos  during  the 
compressive  stage).  However,  in  the  case  where  there  is  capillary 
rise,  a  decrease  in  the  void  ratio  should  result  in  an  increase  in 

matrix  suction.  This  could  not  be  checked  from  the  single  specimen 

(l.b)  for  which  there  was  capillary  rise  as  a  result  of  a  small 
applied  matrix  suction.  The  reason  being,  there  was  no  volume 
decrease  for  that  specimen  during  shear. 

it  is  worth  noting  that  after  the  onset  o*  dilation  tHe  matr",x 

suction  remained  fairly  constant.  ! h’s  was  probably  because  tne 


dilation  was  occuring  prsdom  nate’1  y  in  the  midd'e  of  tne  sDPC!msn 
due  to  end  restraints. 


Overall,  the  apparatus  and  procedures  provide  an  excellent  means 
of  obtaining  qualitative  data  in  regards  to  both  shear  strength  a no 
volume  change  characteristics  as  a  function  soil  structure  and  satur¬ 
ation  level .  However,  the  accuracy  of  the  matrix  suction  data  i s 
under  scrutiny. 

In  order  to  quantify  the  stress-strain  behavior,  the  principal 
effective  stresses  are  required.  Bishop  (1959)  has  outlined  a  method 
for  determining  the  effective  stresses  in  an  unsaturated  soil. 

However,  the  technique  is  still  under  scrutiny.  The  techniaue  requires 
an  accurate  account  of  the  matrix  suction,  which  is  difficult  to  obtain 
with  the  present  apparatus  and  procedures . 


V.  RREStN  r  A  r  I  UN  AND  DISCUSSION  Oh  KtSUL  1  S 


5  .  1  tier  e  r  a  1 

The  second  objective  of  this  research  study  was  to  investigate 
the  stress-strain  behavior  of  an  unsaturated  fine  sand.  The  follow 
ing  studies  were  made: 

1.  Capillary  rise  and  its  effects  on  stress-strain 
beha  v lor . 

2.  Magnitudes  of  the  pore  water  pressures  in  the 
unsaturated  sane . 

3.  I  he  influence  of  negative  pore  water  oressu’-e 
with  respect  to  strength  and  volumetric  strain. 

4.  The  st ress -st r a i n  behavior  of  the  sand  ip  a 
near  saturated  "State,  under  undrawn ed  loading 
condi t i ons . 

b.  The  shear  strength  as  a  function  of  saturation 
level  and  void  ratio  (undrained). 

b.  The  initial  tangent  modulus  as  a  ^unction  of 
saturation  and  void  ratio  (undravied)  . 

7.  Strain  rate  effects  with  respect  to  the  shear 
strength  and  initial  tanpe^t  modulus 

5.2  Capillary  Rise 

The  magnitude  of  the  soil  suction  potential  ■>  s  c  rect"'y  rebate 
to  th©  grain  slz©,  shsos  -snd  condos  1  t  i  on  .  in  3  coh£?s n  oh  ~l  °ss  soi  *  t 


ma  i  n  tors  rsducs  *z  o  grain  s 1  zs  and  sn-ans  .  ^n'1  'i  ow1  no  -3^0 

grain  c  ha  r  ac  t  er  1  s  1 1  c  s  r  or  the  ^  ^  e  sane?  used  in  the  testing  o^or 


Shaoe  ***  bub-angiji  ar 
!  <j  %  f  1  n  e  r  /  m  )  =  ij  t  is 


b  u %  Mner  '  i_  1  >  —  1 J  I  /  rj)  m 


Uniform?  tw  ijcott  _  1  i  •  1  j  t  —  1  i 


ttf  SCt  1  V©  Unpo  tj  t  a  <  M  j  *■  1 j 


The  above  values  clearly  illi 


and  uniform  in  size. 


that  t  r*e  sane?  c?  n  a  ^  °  s  a ' 


ihe  ability  for  the  soil  to  increase  or  decrease  in  saturation 
as  a  function  of  applied  matrix  suction  ar>p  nor,Si  f  y  ''S  c  hni^n  i  r  b  i  n  _ 

9  ,  ( common  ly  referred  to  as  cha  r  a.c  t  er  istic  curves,'.  tacr  c^  the  two 

samples  were  compacted  on  the  base  oedesta1  at  a  saturation  'eve!  pt 
b  0% .  Ihe  confining  pressure  during  tie  aene^ation  o1"  the  curves  was 

90  ps 1 ,  with  the  pore  air  pressure  held  constant  as  yu  cs1 ,  and  an 
initial  appl i ed  matrix  suction  of  IU  psi  (pore  water  / U  ps1 } .  incre¬ 
mental  changes  in  pore  water  pressure  wou  "*  d  result  in  cnaroes  in  matrix 
suction.  Each  incremental  change  was  induced  on  1  y  a^ter  sou i i i pr i um 
was  achieved  from  the  previous  incrennentai  cn^nMo 

Ihe  shape  ot  the  characteristic  curves  is  a "so  dsoenosnt  on 
whether  the  samp'e  is  in  a  wetting  or  onyinn  cv,c  e.  ;n  a  luanimri 
eye  1  e ,  (drawino  water  into  the  sample!  a  sudden  i  nr-ro-ase  -<  n  nno 
pore  space  diameter  could  reduce  any  nornnop  o ? o 1  "  1  a  r.  w  ^  ..t  o 


L  1  Kew  ise,  in  a  d  r  y  1  n  Q  rye  9  ^hg  g  n*,  ,3  1  1  e  n  rnrg  rji-gneter  SDir9S  in 
a  continuous  oore  would  control  the  levs’1  or  saturafo'1  .  I  he  ^o^e 
up  i  tom  t  he  g  r  a  i  ns  the  higher  tne  livelihood  that  tne  pittgrggrg 
between  the  two  cycles  would  be  i  ns  i  gn  i  r  i  cant  .  !  ne  drocedure  used 

for  the  generation  of  the  cha|*9ct9r'ist'ic  curves  for  tne  hre  sana 
was  one  of  a  wetting  cycle. 

A.  threshold  value  is  clearly  evident  in  both  tne  dense  and 

1  O0S9  samp]  es  .  Th«3tl  is,  n  Q  C  3  D  I  1  1  3  n  y  n  1  S  S  C3n  rj  <a  \/  0  ~l  nn  hot  nno 

some  clearly  defined  matrix  suction  deve"'oos.  Any  higher  aoplied 
(Tiatni  y  suction  would  rssu"^  t  in  no  f  u  r  t  hsr  ds-s?  tu  r3 1 1  op  oT  the 
same"1©.  As  expected  the  dense  sar^p"1  e  has  a  'larger  thresho*'d  suction 
(0.65  psi)  than  the  loose  sample  (0.35  esi),  simply  because  of  tne 
smaller  effective  pore  diameter.  These  values  appear  to  be  in  line 
with  the  estimated  value  of  1.4  ps i  obtained  by  assuming  tne  effect¬ 
ive  pore  diameter  o+  U.2UU  and  this  could  be  exo 'a^ned  using  a 

1  0 

capillary  tube  analogy. 

! he  maximum  negative  pore  wafer  pressure  m  tne  field  would  pe 
approximately  U.65  ps  i  (e  =  0.b0).  The  pressure  within  tne  cap1  1  'ar'y 
rise  would  be  distributed  in  a  linear  fashion  i''or  —  u.65  ps1  to 
atmospheric  pressure,  over  tne  "enotn  of  1  .  6  ♦eet .  ! ns  va'ues 

obtained  f  rorp  this  study  seem  to  pe  smaller  tret  expected.  <  n  ■*  2  can 

howeven  De  3 1 1  r  i  butsP  to  tine  u  n1  f  o  '  n?  ^  ti  y  q  t  n  e  n  ^  3  0  s  1  7.  °  .  in  v n  ©  w 

Q+  t  ne  ng"l  70 1  y  S  3  i  1  C3D1  9  ry  r‘“'S0  t  wOU  i  d  pn  p93SQn3p"'o  17  q 

assume  that  tne  negative  none  onessunes  wo<j  **  p  oe  n  e  *'  a  t  ^  •"t 


v  w  V. 


ant  in  terras  of  oract  i  cs  1  i  ty  .  !  her9^or@  ,  cao1  "lary  ^  ^  s°  w  ^  not 

be  condider9d  any  further  in  this  study.  instead,  the  er"Dhas’s  w 
sHitt  to  t  hi  ©  negat  i  vs  oor©  w  a  t  ©  r  DTSSsunss  '"a  i  n  ta  i  oad  7  n  1  n  c! n  v  1  ci  ■  j  a 
water  meniscus  between  soil  grains,  in  a  comp"!  ete1  y  dispersed  so1  1 
water  distribution. 


of  a  Dispersed  Water  Ui st r i but i on 


The  pressure  within  an  individual  water  meniscus  for  a  comp"  ete’1  y 
dispersed  water  distribution  is  direct"1  y  related  to  the  stb  and  shade 
of  the  water  meniscus.  A  higher  saturation  level  tends  to  increase 
the  radius  of  the  water  meniscus.  The  negative  water  pressures 
(water  in  tension)  in  the  water  meniscus  causes  intergranular  stresses, 
which  increases  the  effective  stress.  The  degree  by  which  this  mechan¬ 
ism  effects  the  fine  sand  is  studied  in  this  section. 

Two  triaxial  tests  were  performed ,  one  on  a  saturated  sample 
and  the  other  on  an  unsaturated  sample  (Sr=bU%),  with  an  applied 
matrix  suction  of  b  psi .  The  5  ps i  of  applied  matrix  suction  was 
choosen  because  such  a  value  would  not  allow  capillary  rise.  r he 
special  ceramic  disk  allowed  measurement  or  the  cone  water  pressures. 
However,  as  mentioned  in  a  previous  section  ths  values  may  not  be 
r  e  p  r  es  en  t  a  t  i  ve  of  the  actual  pore  water  pressu^o  -i  r>  tno 
distributed  throuohcut  the  sample. 


Ubssrvst  ■>  on  of  Fig,  wj.3  indicates  t  ^  ©  e  ^  ^  e  c  t  s  o  tip© 

water  msni  sci  are  relatively  unT^oo^t  3nt  (  w  ^  t  P  n9Q3pc!?  to  srear 


gt  popnf  h  ]  fop  -5  S  3  ?T)  O  !  ©  WhOSS  S3  1  QP  I  qv/q  I  •»  s  H  [J  'x  v/ni  h  p^M  n 

of  U.bU,  and  effective  confining  pressure  o^  1U  ds-1  .  !  he  snear 

strength  was  expected  to  increase  #or  the  unsaturated  sample. 
Apparently  the  grain  size  is  such  that  a  b0%  saturated  sample  +onr 
relatively  large  water  menisci  (radius),  and/or  the  i nte^c ranu i a r 
forces  created  by  such  a  mechanism  act  over  a  very  small  area  in 
relation  to  the  area  of  the  sample. 


The  triaxial  tests  were  performed  at  a  constant  strain  rate  of 
0.095%  per  minute.  The  s^ow  strain  rate  allows  the  chan  a 

water  pressure  to  stabilize  be+ore  additional  sample  deformation 
causes  additional  changes  in  pore  water  pressure.  Lt  should  be  noted 
that  the  negative  pressure  in  conjunction  with  surface  tension  effects 
t9nd  to  make  the  water  more  viscous  as  opposed  to  free  Wats'"  . 


The  variation  of  matrix  suction  with  ama1  strain  curve,  in  Mg. 
10. b,  shows  that  the  matrix  suction  decreases  during  the  early  stages 
of  the  1 9s t ,  and  then  levels  off  to  a  fairly  constant  value.  During 
the  early  stages  of  the  test  the  sample  compresses.  As  the  soil 
grains  come  c  1  oser  together  a  given  amount  of  water  in  the  meniscus 


tends  to  increase  the  radius  of  the  water  meniscus .  1 h's  increase 

in  radius  causes  the  water  pressure  to  increase  (.positive  direction). 


The  limiting  value  would  be  the  ambient  a i r  o^ess 


lino  f  m.A  f  r  i  v  cur  h  i  nn 


equals  zero).  As  the  test  progresses,  the  sampie  starts  to  dm  (ate 


until  some  point  showing  a  positive  d i a  1  a 1 1 on .  On 


o  wm  i  i  n  o  x  >■"'* o 


the  pore  water  pressure  to  decrease  at  this  stage,  'due  to  grains 


* '  .Wlvlv'. v  ■  *»’ '  .•TV’VTW 


t>ov  1  ng  aoart  )  .  t  n  i  s  t p‘?nd  i  s 


svi  dsn  t  or1  i  v 


I  he  reason  '♦"or  suer*  a  slight  observation  is  oronao'1  y  au®  to  t^e  e^d 


restraints,  which  tend  to  constrain  tne  s a m c e  f 


rnm  r  <  -  -a  •  a  r  -i  o  n  ^  • 

W  —  -  -  -  'S 


ends  . 


I  he  graph  of  variation  of  volumetric  strain  wth  ay.' a’1  =tr'ain  ' 


shown  in  tig.  lu.c.  ! here  does  not  appear  to  oe  any  s 


nn  i  t  i  rani 


dif^srsncs  between  the  two  samples  w^th  r,eo3pds  to  vc"  'j^et n  ^  c  change 
Un  one  hand,  this  i  s  expected  since  the  s^ea^  stnenctr>s  w°n°  s 1  o  i  1  a 
for  the  samples.  but  on  the  other  hand,  an  unsaturated  specimen 
should  exhibit  more  compression  and  nt t  d'a'at'or  "i  or  p e n  ,  due  t 

the  i n t er g r anu 1  a r  stresses .  it  seems  'saso^ao 1 e  to  assume  that  tne 
intergranular  forces  involved  in  this  un  saturated  sample  a* 
gi  ble  . 


,'ertainly,  two  triaxlai 


cannot  be  considered  as  cone 'u* 


sive  evidence  to  support  a  theory  that  the  ursa  tur  a  ted  sind  be^av^es 
similar  to  the  saturated  sand  under  drained  conditions.  'nore^oro. 


several  additional  triaxial  tests  were  osr* 


‘d,  but  without  10^9 


water  pressure  measurements .  The  water  menisci  in  an  uns 


'ated 


granular  soi  I  will  hold  the  soil  sample  tocetner  under  ijpcorfired 
conditions,  resulting  in  a  small  unconfined  comDr0ssiv9  strength . 
•his  strength  should  oe  apparent  in  the  tanm  o*  a  cohesion  inngn^onp 
on  the  «ohr  '  s  circle  diagram.  iriaxia"1  tests  wof?  do  ^  ^  o n  a  r  v5pv 
i  ng  confining  or9ssur  i  5  void  ratios  o  f  u.bU  and  0  .  b  u  and  a  s  a  t '  j  ^  — 


at  1  on  of  7  U  %  .  hs  n9su"*  t  s  ars  o  ^  vsn  p*  tip.  !'.  'h 


D  n  o  1  c  ^  n  0  t-  a  n  ■ 


cohesion  i  ntsncsot  for*  both  void  p  3 1 1  os  (  t  -  m  ■  no.^  11  ^  a^d  ’ 


‘•t  "i*  V  *,fV 


vw 


•Mlf 


•V  ’V  V  v  r# 


"  he  1 n t srcspt  can  be 


30DrOX  1  m'2t9  ’  w 


Severs  1  satru  rated  tests  atr  a  vo 1  d  ratr^o  of  n  .  y  ij  were  nsrf  or^sd  . 
The  *!ohr  circle  diagram  of  these  tests  ^  s  shown  i  n  f  i  g  .  1  1  .  c  .  !  hese 

tests  a  ’>  so  indicate  a  cohesion  intercept,  roughly  i  osi.  it  is  not 
uncommon  for  a  sand  sample  in  a  triaxial  test  to  show  a  srnal”  inter¬ 
cept.  Ihis  small  interceot  is  usually  attributed  to  the  rubber  mem¬ 
brane  (  !  - 2  ps  i  i  '!  wo  rubber  membranes  were  ujsed  on  each  s a m o e 
throughout  the  testing  program.  therefore,  it  is  reasonable  to  expect 
an  intercept  of  3  os i  Conseouently,  the  cohesion  intercept  o  n  the 


unsaturated  tests  also  includes  the  ei 


of  the  rubber  membranes 


Thus,  the  5  os  i  intercept  in  reality  may  be  closer  to  *2  os  ’  Note 
in  Mg.  11. b  and  11. c  that  both  the  unsaturated  and  saturated  sarp'es 
have  the  same  friction  angle  with  only  the  magn ■<  tude  of  the  inte  -  ,’t 
being  different.  Despite  the  increase  in  the  cohesion  intercept  for 
the  unsaturated  sample,  its  relative  importance  can  s t ^ " 1  ne  consiOerep 
insignificant.  Therefore ,  it  is  suggested  that  in  a  drained  condition 
this  fine  sand  will  behave  (with  reaerds  to  stress-strain )  similar  in 
both  a  saturated  and  unsaturated  state.  ProPacly,  the  only  way  to 
develop  clear  trends  with  regard  to  the  differences  in  s  t  n  e  s  s  —  strain 
behavior  o^  the  unsaturated  (as  opposed  to  a  saturated)  sample  wou'd 
b©  bo  p©rform  s  vsry  !  a  r*  cj  e  n  u  m  b  ©  r  of  t9S  ts  o  r  ri  e  r  ro  9sr?b'1  1  sh 

stat^stica  1  t  r  ©nos  .  Hn^ovgr  ,  cons  i  dsr  i  no  t  hs  ob^n  ous  1  y  s^^11  cental- 


but 1  ons  tro  t hs  ©ff©cbiv©  strsss 


^  \  /  mo  :(jA  for  "^i  a  m  m  a  r*  n 


w  Q  i  "I  -3s  ecu  i  pmsn  t  limitations,  t  loroupn  3^3  "  ys  '  s  w  o  u  "•  c?  ^ot  bo 
oract 1 ca1 . 


V  ill* 


v*-_ 


JiMM* 


.9  k« 


0.4  Undrained  Saturated  iriaxial  1  ests 


A  series  of  undrained 


'or’-ed  on  saturated 


samples.  Upon  completion  of  these  tests  it  was  apparent  that  most  of 


the  samples  were  at  a 


5 n  significantly  nol o w 


1  f  1  n  *afc  "Sinni  f- 


icant1y“  is  a  relative  term  and  in  this  case  a  saturation  leve'1  of  98% 
can  be  considered  siQnif leant  .  in  reality,  s  !  0  0  %  satu  na tsd  cgmni 9  is 
impossible  to  achieve  due  to  the  dissolved  a  1 n  in  t  hg  water .  incneas” 
ing  the  back  pressure  on  a  sample  has  tne  effect  of  •'releasing 


Skempton's  6  parameter  (8=the  change  in  pore 


■e  divided  by  the 


change  in  confining  pressure).  As  Skempton's  8  parameter  increases, 
the  combined  fluids  (water  and  air)  decrease  in  compressibility.  A 
perfectly  incompressible  fluid  will  have  a  8-vaiue  of  1.0.  Normally 
a  8-value  between  0.9b  and  0.99  is  considered  very  good.  karely  will 
a  8-value  be  higher  than  0.99. 

The  test  samples  were  compacted  on  the  triaxial  pedesta"1  to  a 
void  ratio  of  0.60.  An  initial  confining  pressure  of  10  ps i  was 
applied  to  the  samples.  After  applying  the  confining  pressure,  a 
continuous  amount  of  de-aired  water  was  flushed  through  tne  sample. 

It  should  be  noted  that  the  system  was  completely  de  —  amst  Pefore 


tven  with  tne  thorough  f  lusninq  wtn  de-a1  r9d  water  ,  a  8  — value 
was  virtually  nonexistent  at  zero  bacx  ofessunes.  Su Ps eo u en 1 1 y ,  tne 
samples  were  back  pressured  to  8U  os1  ,  i  n  tu  ps  ^  -1  no  regents  .  iK-,s 

resulted  in  a  8-value  of  u.tJb-U.92'  ^or  a"1!  ths  sa^p'les.  sand  is  a 
difficult  soi 1  to  obtain  a  good  a - va 1 ue  because  o^  the  n^gn  porosity. 


Water  In  t  h°  s^nd  C3P  1  i  1 9  r  3  1  "*  y  sup^oupo  s  m  a 


t  r>r^r,U'ot-c;  nt-  ;=>  n  0 


wQtsP  a x,  t  he  a  i  p/wat  er  i  ntsrtace  Is  iP^"liJ9PC9d  by  s 1 


*-Dnci  nn 


P9su  1 1 1  pg  in  t he  difficult  with  ^  !usPiPn  -ain  Dockets  out  of  t  n  ^ 


samp  1  e . 


he  stf,ess-strain  curves  for  the  test  series  are  s Pown 


a  .  !  Z 


!  ho  results  were  plotted  for  h  i  g  n  ,  nip  arc  low  rarce  va -|  uss  O'*"  si^ear' 


strength .  Most  striking  "is  the  it  ^terence  in  ^apn1  t'joss  ths  sro^- 


s t P9n(^ t h  and  tangsnt  modulus  bstwssn  tibs  h1  ch  and  low  r'3nc°s 


low  range  values  are  roughly  4 U%  1 ower  in  shear  strength  comparer 


the  high  range  values.  This  is  a  significant  dihaisice  consiaen7ng 


that  all  the  tests  were  performed  on  samples  with  the  same  density 


confining  pressure. 


The  reason  for  such  differences  in  strength  can  be  tpund  in  h i c  . 


13.  Here  the  pore  pressures  were  plotted  ipr  each  •■'ance  of  shsi 


strength  values.  it  is  apparent  that  the  d^op  in  pore  pressures  was 


much  QPsstsr  for  tbs  high  p^ngs  v  3  !  u  ©  s  A  dnPO  in  00^0  op9ssup9  b3s 


: be  effect  of  increasing  the  effective  cop+^-'nq  ppessu 


he  samples  tested  tended  to  sbow  a  00  s 1 1 1 V9  v  o " r p  c  o  b  a  n  o  e 


(dia  !  a  1 1  op  )  at  relatively  1  ow  ax^a'1  s  t  p3  ^  ns  w  ^  t  b  1  ^  1 1  "*  s  on  no  com  — 


press’1  on  orior  to  dialat^on.  Ibe  variation  o  ^  v  o  ’• 1  j  m  e  t  ^  c  «tra1PS  w  ">  t  b 


axial  strain  is  giver  in  tig.  14.  A  d  a  i  p  t^e  g  r  3  o^s  5  no  onpap  ■*  z?c!  1° 


tne  hign,  mid  and  low  nange  values 


rh  +•  ■=:  hopi  r>  c  f  ronn  f  h 


the  results  that  all  the  samples  penavec  tne  same  i  n  r-gnenns  rn 


volume  change. 


KW? 


srera/a syg 


It  would  sssti  neasonabl  e  to  sssu^s  that  t*^a  rj  t  t  f  aronrac  m  o  n  a  ,3 1~ 
strength  between  samples  could  00  attributed  to  d^i’erencss  in  1  n  1 1 1  a  * 
saturation  levels.  Note  that  tne  differences  in  B -value  (.  U  .  3 b -0  .  9  3  ; 
indicate  differences  in  fluid  and  soil  compr ess  1  pi  1 1 ty . 

Theorectical  values  of  initial  saturation  i  eve'1  s  can  oe  calculated 
by  using  equation  [4] .  Two  theoretical  calculations  wene  mace,  one 
using  a  high  range  value,  and  the  other  using  a  low  nance  value.  !  he 
data  is  given  as  follows: 

High  Range  Test  Low  Range  Test 


V  tot a 1=4. 40  cu.  in. 


V  s o i 1 =  2 . 7 3  cu.  in 


V  voids* 1.6 7  cu .  in. 


Initial  Absolute  Rone  Pressure 


equal s  94.72  ps i 


B  -v=1 . 08% 


Absolute  Pore  Pressure  Equals 


34 . 7  2  ps  1 


thus  V  water *1.6 74  cu .  in. 


S  r  =  1  U  0  % 


V  tota"i=4.b0  cu  .  in. 


V  soi  1=2  .  y  2  c u  1  n 


V  voids=!.b8  cu .  in. 


1  0  1  a  1  Absolut!©  Unno  ^p9SSUr1° 


i  a  u  a  "I  s  9  4.  (2  psi 


fa  - v=  !  jvH 


A  t>  S  O  1  U  t!  ©  U  q  p  O  ^nacSnno  b  Q  1 J  3  *  S 


S  V  /  V  os 


t^us  V  water='!  .bbU  cu.  *in  . 


S  r  =  <J  H  t 


r  he  previous  calculations  indicate  t  h  a  ti  t!  n  ©  hi  nh  ran09  g  no^  n 
strength  test  had  an  initial  satunat''on  o  t  i  u  ij  % .  tn^s  or  course 
is  theoretically  i  hidoss  i  to''©  ,  o*1  us  the  con  r,es  oonc!  ^  nc  o  o  n  e  cr®ssun‘? 

change  curve  does  not  suggest  such  a  satunat'‘on  "•  eve  h o ^ e v e r  **t 


i 


S  hOU  1  d  09  P  99  1  i  Z  9d  t  ha  t  t  he  "19-3  cyr  ari  values  nt  \/  U  P  V  S  3^9  POP 

absolute.  In  addition,  equation  C  4  J  was  n g  p  -i  ved  ■pop  a  state  o"p 
oornopess  i  on  .  Nevertheless,  such  a  calculation  does  orovcie  tna 
evidence  that  th9  two  samples  had  d-ipp'erent  iPifia1  sat'jrat’on  levels 
(100%  vs.  98%),  with  the  h1 ghep  saturat i on  CQPpesoonding  to  the 
higher  shear  strength.  It  should  be  noted  that  even  the  high  shear 
strength  tests  were  ab"1  e  to  achieve  on '!  y  a  slight  negative  core  pressure 
(back  pressure  equals  80  psi).  It  a 'so  illustrates  that  even  a  veny 
small  amount  of  air  in  the  sample  does  play  a  ">ajor  ro_le  in  the 
st ress-st ra i n  behavior  of  this  soil. 

5.5  Pore  Pressure  Kesoonse  of  I'erafc  btone 

In  the  previous  section  the  saturated  (or  near  saturated)  tests 
were  performed  using  a  coarse  corundum  stone  in  the  base  pedestal. 

The  permeability  of  such  a  stone  ■>  s  compatible  with  the  permeaoi  1  ■>  ty 
of  the  fine  sand.  In  unsaturated  testing  a  fine  ceramic  stone  is 
normally  used  to  transmit  the  pore  pressures  to  t^e  measuring  device. 

I  he  function  of  such  a  disk  is  to  allow  measurement  o^  pore  water 
pressures  independent  of  the  pore  air.  This  type  of  stone  was  used 
in  the  unsaturated  tests  discussed  thus  fa”. 

v-ou r  satunated  triaxial  tests  wsr s  Dsr,t:cipnr,??d  w t n  t  n  e 
Da  rarest  ers  as  that  o  t  t  hs  orsv1  ous  test  ssri  ss  .  ^  o  tssts  used  a 

r  op  ^rni  n  StOOQ  IP  t  PS  base  DSOSSta  1  as  QDDOS0C3  tO  t  P  e  COP|Jr'C!lJm  ;tOn° 
Changes  to  pore  pressure  vs.  a  x 1  a _l  s  t  n  a  n  n  curves  ane  compared  to 
s  i  m  1  1  a  r  tests  performed  with  t conijndum  stone.  yy  "  s  rH  i  "i  a  r  it 


Jb 

ts  rn  ©  snt  tzhsb  t  hs  stP9SS“Str3in  b6hs  vn  or  c  "*  oss'1  y  rsssrobls  sdcn  ot  . 

Fig.  15  and  "lb  illustrate  these  comparisons.  !  hese  curves  clearly 
"indicate  that  the  pore  pressure  response  of  the  ceramic  stone  is 
inadeauate  for  moderate  strain  rates. 

Additional  tests  were  conducted  on  the  ceramic  stone  resoonse 
time.  These  tests  consisted  of  increasing  the  confining  pressure 
in  the  triaxial  cell  without  a  soil  samols.  The  nesoonse  of  the 
measuring  system  gives  an  indication  of  tne  efficiency  of  the  cer¬ 
amic  stone  with  regards  to  pore  oressure  measurement.  These  results 
are  shown  in  Fig.  17.  Again,  it  is  evident  that  a  considerable  time 
lag  is  involved  witn  usage  o^  the  ceramic  stone. 

5 . b  Undrained  Unsaturated  Test  Results 

An  extensive  series  of  undrained  tests  were  performed  on  samples 
of  the  test  sand.  The  pore  water  and  core  air  pressures  were  not 
measured  independently.  The  following  parameters  were  varied  during 
the  test  series: 

1.  Saturation  Level  (Sr) 

2 .  Voi d  Ratio  (e) 

3.  Effective  Confining  Pressure  (Po) 

4.  Back  Pressure  (Po) 

b.  Kat ss  (  _  ) 

A  comoiete  graphical  reoresentat i on  of  each  test  is  given  in  tie 


appendix  (Ueviator  btness,  vono  Pressure,  volumetric  btnain  vs. 
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in  reaards  to  t;  h  ©  saturation  lev©"!,  the  first  item  to  d  e  * 

investigated  was  the  shear  strength.  For  this  purpose,  tests  were  | 

I 

performed  on  dense  and  loose  samples  (e  of  0.t>0  and  0.80)  at  satur-  < 

* 

ation  levels  of  2b,  9b,  and  100%.  Fig.  18  illustrates  now  the  j 

undrained  shear  strength  was  affected  b  y  the  saturation  1 i  tor  I 

the  dense  samples,  the  shear  strength  increased  rapidly  as  full 
saturation  was  approached.  Such  behavior  is  expected  due  to  the  dll  —  i 

i 

I 

ation  c ha racter i st i cs  of  the  denser  samples.  It  is  a  theoretical  j 

*act  that  large  negative  fluid  pressures  will  develop  if  there  is  an  > 

l 

increase  in  volume  in  conjunction  with  an  incompressible  fluid.  1 

However,  as  pointed  out  earlier,  the  pore  fluid  is  not  truely 

$ 

* 

incompressible.  Consequently,  the  pore  pressures  dropped  to  only  j 

a  small  negative  pressure  from  a  back  pressure  of  either  1  <■  ■-  >0  j 

psi .  Still  such  a  pore  pressure  drop  greatly  influenced  the  strength 
of  the  samples  whose  initial  confining  pressures  were  of  the  same 
magnitudes  as  the  pore  pressure  drop.  it  is  noted  in  Fig.  18  that  the 

initial  effective  confining  pressures  (20  and  10  psi)  for  the  denser  ; 

samples  had  no  relative  effect  on  the  total  shear  strength.  This  was 
because  the  confining  pressure  was  held  constant  at  30  osi  with  tie  | 

pore  pressures  dropping  to  zero  in  both  cases  ,  (the  back  pressures 

1 

were  initially  10  and  20  osi  respectively).  it  is  ouite  evident 
from  tig.  18  that  a  slight  introduction  of  am  will  dramatically  j 

affect  the  shear  strength  of  the  denser  samples.  1  re  saturation  1 

level  effects  are  less  pronounced  between  the  yt>%  and  3b*  saturated  < 

I 

i 

samples.  I  he  slight  drop  in  strenqth  between  tie  y  x%  and  2  8%  i eve’s  I 
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3Pg  t bought  to  be  attributed  mostly  to  the  c!i  f  ^s^snces  oetweep  t^e 
volumes  of  air  in  the  samples,  with  t^e  water  menisci  everts  {  ^  n 
25%  sample)  playing  a  limited  role.  No  water  was  a  '  '  owei  no  r"iow 
into  or  out  of  the  samples  before  or  Purina  the  tests. 

The  loose  samples  (e  of  0.80)  snowed  an  entirely  a ^ ^ ^e^e^ t  ^  e "  - 
ationsm  p  with  saturation  level,  as  in  hip.  18.  1  n.e  suss'-  st^e^qt^ 

was  virtually  equal  at  the  100%  and  25%  l  svsl  s  .  buc^  perav',or'  ca^  re 
attributed  to  the  volumetric  strain  characteristics  o^  tne  'oose 
sample  (see  appendix).  in  the  loose  state  tne  fine  sand  snows  1  ■>  1 1 '  e 
volumetric  strain.  As  a  consequence  the  pore  pressures  wll  remain 
fairly  constant  (initial  back  pressure)  throughout  the  test.  rijrt«or- 
evidence  for  the  theory  that  this  soil  possesses  a  very  limited 
effective  stress  increase  (in  an  unsaturated  state),  is  1 1  lustrated 
by  the  fact  that  the  100%  and  25%  samples  (e  of  0.80)  have  the  sa^e 
shear  strength. 

The  effects  of  saturation  level  on  the  initial  tangent  modulus 
was  also  investigated.  The  results  of  such  a  study  ane  shown  in 
Fig.  19.  Overall,  the  initial  tangent  modulus  decreased  as  the 
saturation  level  increased.  During  the  initial  stapes  of  the 
triaxial  test,  both  the  loose  and  dense  samples  compress  slightly. 
Such  compression  results  in  sliaht  increases  in  pore  onessures.  As 
the  pore  fluid  approaches  water  saturation,  the  core  pressure 
increases  become  larger  for  a  given  volumetric  dec rease  a  ficg 
in  the  pore  pressure  w 1 i  reduce  the  effective  stress,  whic^  results 
in  a  weaker  soil  structure. 
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Mg.  20  -and  2  !  i  1  lustrsts  t.  h  3  ti  ti  h  ©  hoh^v1  o-1  o  +  t, yms.  ©  t.  ®s  t  s  3  n  d 
a  saturation  level  of  26%  is  independent  o^  tne  applied  oac*-  pres¬ 
sure  (as  long  as  the  effective  confining  pressure  is  held  constant)  . 

In  addition,  the  figures  also  show  that  an  undrained  test  has  t^e 
same  stress-strain  behavior  as  a  constant  wate'-  content  (drained) 
test.  Such  behavior  can  be  attributed  to  the  large  volumes  oi  a  i  r  -in 
t he  sampl es . 

!o  date,  there  has  been  little  experimental  data  generated  on  the 
effects  of  strain  rate  for  an  unsaturated  sand  .  Undramed  tests  were 
performed  at  various  strain  rates  as  part  0+  the  test  series.  ! he 
saturation  level  was  held  at  a  constant  value  of  25%  and  the  vcd 
ratio  of  the  samples  were  chosen  to  be  either  0.60  or  0.60.  i he 
saturation  value  was  chosen  at  25%  because  it  was  thought  that  this 
small  level  would  induce  high  negative  pressures  within  the  water 
menisci.  High  negative  pressures  and  surface  tension  are  thought  r0 
make  the  water  have  a  higher  viscosity. 

I  he  results  indicate  that  there  is  no  relationship  between  ths 
shear  strength  and  the  strain  rat9,  as  l-ig.  22.  It  is  concluded  that 
ei  t  her  t  h  ©  st:f:©ctis  of  ti  H  ©  wat  ©r  'nem  scus  oo0r;9  ts  o  v  ©  r  3?~  2n©3  ’’s  oo 
small  to  be  a  factor,  or  the  water  menisci  do  not  act  ^  a  viscous 
manner .  The  higher  strain  rates  seem  to  induce  iighsn  d 1 ’ ?t ■ on 
potential,  as  evidenced  by  the  volumetric  str’ain  vs.  ax^a1  s t r a 1  n 
curves  (appendix).  As  the  oartip'es  move  apart,  a  p^ver  - 

meniscus  should  have  a  decrease  in  its  radius.  iuch  a  decrease 
in  radius  would  cause  higher  negative  pressures  w  t  h 1 n  the  ^eh i s  c 1  . 


Vi  .  CONCLUSIONS  AND  t  N  L)A  '  iUNb 


r  he  purpose  of  t  hn  s  research  h3s  been  two  +  o  '*  o  .  ^  t  to 

investigate  the  usefulness  of  the  unsaturatsa  testing  apparatus. 
Second,  to  investigate  the  Behavior  o f  an  unsat'jrated  sane.  The 
general  conclusions  that  can  be  drawn  f^om  this  r,esear’ct  a^e  g 1  ven 
bel ow . 


The  test  apparatus  on  the  whole  performed  satisfactorily,  with 
duplication  of  test  samples  showing  good  agngemgnr  in  thei”  results. 

The  automated  data  aquisition  system  proved  to  be  esoeca'  '!y  usefu1, 
with  a  capability  of  recording  test  data  every  s-n  seconds. 

The  axis  translation  technique  is  usefu1  in  monitoring  pore  water 
pressure  changes  or  describing  capillarity,  in  unsaturated  soils.  !>’S 
is  especially  true  for  unsaturated  soils  which  exhibit  pore  water  pres¬ 
sures  below  -I  atmosphere.  it  has  been  mentioned  that  care  and 
patience  is  required  when  applying  the  axis  translation  technique. 

There  is  a  critical  value  for  the  abolied  ^atcix  suction  in 
which  the  tendency  for  water  to  be  drawn  into  the  soil  structure  is 
negated  .  At  this  point  the  water  pressure  within  t^s  "'©n  ^  sc  can  pq 
taken  to  eoual  the  matrix  suction  minus  the  oop©  air  pressure.  A 
slight  decrease  in  the  .matrix  suet  i  op  “from  t  n  i  s  c r  ■’  t 1  c a  *  o o i  n  t  w 1 
cause  the  sample  to  become  saturated .  This  is  because  the  water 
needs  to  climb  only  the  height  of  the  samp'e,  which  was  tyoica"1  'y  J.  .  t 
inches  in  height. 


tty  using  a  special  ceramic  stone,  the  pore  water  cress u res 
could  be  monitored  independently  f '■or  the  pore  air  pressures.  The 


stone  used  in  the  testing  program  had  a  oermeaP-'  1  i  ty  of 


rj  x  !  U  -  Y 


cm/sec.  Such  a  low  permeability  results  in  time  lag  between  measure¬ 
ments,  especially  at  fast  strain  rates .  In  addition,  there  is  some 
question  on  whether  the  use  of  the  ceramic  stone  wi i 1  yield  represent 
ative  water  pressures  for  a  dispersed  water  distribution. 


Constant  water  tests  were  performed  on  both  silt  and  the  test 
sand.  A  constant  water  content  test  allows  changes  in  soi'e  water 
pressures,  while  holding  the  pore  am  constant  .  !  hese  tests  illus¬ 

trated  the  usefulness  of  the  test  apparatus  and  procedures .  The 
silt  showed  large  increases  in  shear  strength  in  an  unsaturated 
state.  Contrary,  the  test  sand  showed  little  or  no  influence  from 
the  water  menisci  effects. 


A  series  of  undrained  saturated  tests  illustrated  the  import¬ 
ance  of  even  minute  amounts  of  air  in  the  sand.  ! he  tests  indicated 
that  it  was  difficult  to  achieve  complete  saturation  of  the  fine  sand 


A  ssil  qs  o  T  undr  a  i  ned  ,  1  j  n  s  -3 1  u  r  ^  1 0  d  tissts  w  0  r  9  c^r^orm^c,  Trcm 
which  t he  following  conclusions  can  be  made: 


1  .  f  ho  st  P9SS”S  t  p3  i  n  b^hsvi  or  c.h5np“s  1  ^  tt  1  0  t p  rssosct 

to  saturation  level,  until  the  level  approaches  satura¬ 
tion  (95%). 


.ii  .ti  'j»'  iH’A’A’.VJi’ U  fc.i  i.ri 


2.  The  initial  tangent  modu' 


in  saturation. 


;sc!  w -i  t h  an 


2.  For  lower  saturated  samples  (br= 2b%)  tiers  seems  to  be 
no  difference  between  an  undrained  test  and  a  drained 
test  . 

4.  The  dilation  potential  of  the  sand  increases  with  strain 
rate  . 

5.  The  shear  strength  ot  the  fine  sand  seems  to  be  nea 1  at i vs1 y 
unaffected  by  the  different  strain  rates  used  in  the  test¬ 
ing  program. 

b.  The  initial  tangent  modulus  increases  slightly  with  strain 
rate  for  dense  samples. 

7.  The  strain  rate  has  no  clear  effect  on  the  initial  tangent 
modulus  for  loose  samples. 

It  was  initially  thought  that  the  fine  sand  would  exhibit  dei',n- 
ite  trends  with  regards  to  saturation  'eve! ,  but  the  tests  conducted 
in  this  study  indicate  that  the  fine  sand  does  not  possess  s i on i t i cant 
increases  in  effective  stresses,  due  to  negative  core  water  pressures 
or  surface  tension  forces.  Such  behavior  is  probab'iy  the  result  a  + 
the  size  and  uniformity  of  the  sand  grains.  in  add1  fci  ,  sand  g^ams 
do  not  possess  the  phys  i  o  —  c  hemi  ca  "•  attract1  ve  f  onces  that  are  cresent 
in  cohesive  soils. 


The  following  are  suggestions  for  future  mornvements  1  n  t  re 
test  program: 


n  a 

i  .  H  i  g  h  e  r  rssol  ut  i  on  oT  t  re  s^^ol  ss  :  volume  chsn^e  d9v  cs  . 

2.  Use  of  a  more  permeable  ceramic  stone  ■>  f  possible,  ■>  .  e . 
soils  with  low  to  moderate  suction  potential  do  not 
require  an  air  entry  of  BO  psi,  as  used  in  this 
research. 

3.  De-air  the  water  under  a  higher  vaccum. 

The  apparatus  and  procedures  that  have  oeen  developed  thus  far 
are  unique  to  soils  testing.  Continued  research  in  this  area  will 
no  doubt  prove  to  be  valuable  in  the  future.  it  is  recommended 
that  future  research  with  the  above  apparatus  and  procedures  utilize 
a  di'f^erent  so1  1  type.  Unsaturated  soils  testing  is  best  suited 
for  soils  w'th  a  fine  grain  structure  and/or  ppys i o-chemi ca 1 
attractive  forces  .  However,  the  -test  program  will  take  muon  more 
time  and  effort. 
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FIG.  1  TERMS  USED  IN  ANALYSIS  OF  EFFECTIVE 
STRESSES  IN  IDEALIZED  SOIL 
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FIG. 5  DEVIATOR  STRESS  AT  FAILURE  IN  UNCONFINED 

COMPRESSION  TESTS  ON  BRANCASTER  BEACH  SAND 
AS  A  FUNCTION  OF  SUCTION,  FOR  DRYING  AND 
WETTING  PROCESSES 
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FIG. 6  TEST  RESULTS  FROM  AN  UNSATURATED  CLAY 
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FIG. 8  TEST  RESULTS  ON  UNSATURATED  SILT 
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FIG  10  TRIAXIAL  TEST  RESULTS  FOR  TEST  SAND 
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FIG.  15  EVALUATION  OF  CERAMIC  STONE  WITH 
REGARDS  TO  PORE  PRESSURE  RESPONSE 
(high  range) 
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FIG.  16  EVALUATION  OF  CERAMIC  STONE  WITH 
REGARDS  TO  PORE  PRESSURE  RESPONSE 
(low  range) 
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FIG.  18  RELATIONSHIP  BETWEEN  SHEAR  STRENGTH  AND 
SATURATION  LEVEL  (undrained) 
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FIG.19  RELATIONSHIP  BETWEEN  INITIAL  TANGENT  MODULUS 
AND  SATURATION  LEVEL  (undrained) 
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FIG. 20  COMPARISON  BETWEEN  CONSTANT  WATER 
AND  UNDRAINED  TRIAXIAl  TEST  RESULTS 


FIG.  21  COMPARISON  BETWEEN  CONSTANT  WATER 
AND  UNDRAINED  TRIAXIAL  TEST  RESULTS 
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